The frequency ratios r 01 and r 10 of KIC 11081729 decrease firstly and then increase with the increase in frequency. For different spectroscopic constraints, all models with overshooting parameter δ ov less than 1.7 can not reproduce the distributions of the ratios. However, the distributions of the ratios can be directly reproduced by models with δ ov in the range of about 1.7 − 1.8. The estimations of mass and age of the star can be affected by spectroscopic results, but the determination of the δ ov is not dependent on the spectroscopic results. A large overshooting of convective core may exist in KIC 11081729. The characteristics of r 01 and r 10 of KIC 11081729 may result from the effects of the large overshooting of convective core.
Introduction
Asteroseismology has proved to be a powerful tool for determining the fundamental parameters of stars, diagnosing the internal structure of stars, and probing physical processes in stellar interiors by comparing observed oscillation characteristics with those calculated from theoretical models (Mazumdar et al. 2006; Cunha & Metcalfe 2007; Christensen-Dalsgaard & Houdek 2010; Yang et al. 2012; Silva Aguirre et al. 2013; Liu et al. 2014; Guenther et al. 2014; Chaplin et al. 2014; Metcalfe et al. 2014; Tian et al. 2014 ).
However, the stellar model found solely by matching individual frequencies of oscillation does not always properly reproduce other characteristics of oscillations (Deheuvels et al. 2010; Silva Aguirre et al. 2013; Liu et al. 2014) , such as the ratios of small-to-large separations, r 10 and r 01 , which are sensitive to conditions in stellar core (Roxburgh & Vorontsov 2003) . The small separations are defined as (Roxburgh & Vorontsov 2003) d 10 (n) ≡ − 1 2 (−ν n,0 + 2ν n,1 − ν n+1,0 )
and d 01 (n) ≡ 1 2 (−ν n,1 + 2ν n,0 − ν n−1,1 ).
In calculation, equations (1) and (2) are rewritten as the smoother five-point separations.
Stars with a mass larger than 1.1 M ⊙ may have a convective core during their main sequence (MS). The overshooting of the convective core extends the region of material mixing by a distance δ ov H p above the top of the convective core that is determined by Schwarzchild criterion, where H p is the local pressure scale-height and δ ov is a free parameter. The overshooting brings more H-rich material into the core, prolongs the lifetime of the burning of core hydrogen, and changes the internal structure of stars and the global characteristics of the following giant stages (Schröder et al. 1997; Yang et al. 2012 ). The determination of the global parameters of stars by asteroseismology or other studies based on stellar evolution can be directly affected by the overshooting (Mazumdar et al. 2006; Yang et al. 2012 ).
However, for stars with a mass of around 1.1 M ⊙ , there may or may not exist a convective core in their interior, depending on the input physics used in the computation of their evolutions (Christensen-Dalsgaard & Houdek 2010) . Up to now, there is no a direct method to determine the presence and the size of the convective core and the extension of overshooting from observed data.
Therefore, finding a method of determining the presence and the size of the convective core is important for understanding the structure and evolution of stars. Deheuvels et al. (2010) argued that the presence or absence of a convective core in stars can be indicated by the small separations and that the star HD 203608 with M ≃ 0.94 M ⊙ and t ≃ 6.7
Gyr in fact has a convective core. De Meulenaer et al. (2010) studied the oscillations of α Centauri A (1.105 ± 0.007 M ⊙ ) and concluded that the d 01 allows them to set an upper limit to the amount of convective-core overshooting and that the model of α Centauri A with a radiative core reproduces the observed r 01 significantly better than the model with a convective core. Moreover, Silva Aguirre et al.
(2013) tried to detect the convective core of KIC 6106415 and KIC 12009504. They obtained that the mass of KIC 6106415 is 1.11 ± 0.05 M ⊙ and that of KIC 12009504 is 1.15 ± 0.04 M ⊙ , and concluded that a convective core and core overshooting exist in KIC 12009504, but could not determine whether a convective core exists in KIC 6106415. Tian et al. (2014) studied the oscillations of KIC 6225718
and concluded that either a small convective core or no convective core exists in the star.
For MS stars, the ratios generally decrease with frequency. Liu et al. (2014) argued that the ratios affected by the overshooting of convection core could exhibit an increase behavior. By using this seismic tool, the value of overshooting parameter δ ov is restricted between 0.4 and 0.8 for HD 49933 (Liu et al. 2014 ) and between 1.2 and 1.6 for KIC 2837475 (Yang et al. 2015) . Moreover, Guenther et al. (2014) found that the value of δ ov is between 0.9 and 1.5 for Procyon, which is supported by the work of Bond et al. (2015) . The values of δ ov are larger than the value of 0.1 − 0.3 estimated by comparing the theoretical and observational color-magnitude diagram of star clusters (Prather & Demarque 1974; Demarque et al. 1994 ) and characteristics of eclipsing binary stars (Schröder et al. 1997 ).
However, the presence of the large overshooting is supported by the convective theory of stars and numerical simulation. For example, Xiong (1985) shows that if the overshooting distance is defined as the distance up to which mixing of matter extends, the overshooting distance of the convective core can reach 1.4c 1 H p in his convective theory, where the value of the c 1 is between 1/3 and 1; the numerical simulation of Tian et al. (2009) shows that the penetration distance of downward overshooting of convection of giant stars can reach 1 − 2 H p . Moreover, Valle et al. (2016) show that the calibration of the convective core overshooting of double-lined eclipsing binaries with the mass in the range of 1.1 − 1.6 M ⊙ is poorly reliable. They suggested that asteroseismic data may be required for the calibration of δ ov .
KIC 11081729 is an F5 star (Wright et al. 2003) . The frequencies of p-modes of KIC 11081729 have been extracted by Appourchaux et al. (2012) . Combing asteroseismical and nonasteroseismical data, several authors Metcalfe et al. 2014) The characteristics may derive from the effects of overshooting of convective core. If these characteristics can be directly reproduced by stellar models, which may aid in understanding the origin of the characteristics and confirming the presence of the large overshooting of convective core.
In this work, we focus mainly on examining whether the observed characteristics of KIC 11081729 can be directly reproduced by stellar models and can be explained by overshooting of convective core. In order to find the best model of KIC 11081729, the chi squared method was used.
First, an approximate set of models was found out with the constraints of luminosity, T eff , and [Fe/H].
Then around this set of solutions, we sought for best models that match both non-seismic constraints and the individual frequencies extracted by Appourchaux et al. (2012) , and then we compared the observed r 10 and r 01 with those calculated from models. And finally, a function B(ν n,1 ) was deduced and tested. In Section 2, stellar models of KIC 11081729 are introduced. In Section 3, the function B(ν n,1 ) is deduced, and in Section 4, the results are summarized and discussed.
STELLAR MODELS

Input Physics
In order to obtain the best model of KIC 11081729, we construct a grid of evolutionary models using the Yale Rotation Evolution Code (YREC) (Pinsonneault et al. 1989; Yang & Bi 2007 (Iglesias & Rogers 1996) , and the low-temperature opacity tables of Alexander & Ferguson (1994) are used. The standard mixing-length theory is adopted to treat convection. The value of the mixing-length parameter α calibrated to the Sun is 1.74 for the YREC. But it is a free parameter in this work. The full mixing of material is assumed in overshooting region of models. The diffusion and settling of both helium and heavy elements are taken into account in models with a mass less than 1.30 M ⊙ by using the diffusion coefficients of Thoul et al. (1994) . In the model calculation, the initial helium mass fraction is fixed at 0.248 and 0.295. The value of 0.248 is the standard big bang nucleosynthesis value (Spergel et al. 2007) . The values of input parameters, mass (M), α and δ ov , and heavy-element abundance (Z) of Zero-Age MS models are listed in Table 1 . The models are constructed from ZAMS to the end of MS or the subgiant stage. Some of evolutionary tracks of the models are shown in Figure 1 as an example.
The low-l p-mode frequencies of each model are calculated by using the Guenther's adiabatic oscillation code (Guenther 1994) . For the modes with a given degree l, the frequencies ν corr (n)
corrected from the near-surface effects of the model are computed by using equation (Kjeldsen et al. 2008 ) 
where b is fixed to be 4.9, a is a parameter, ν mod (n) is the adiabatic oscillation frequencies of the model, ν max is the frequency of maximum power. The value of ν max is 1820 µHz. The value of a is determined from the observed and theoretical frequencies of the modes with the degree l by using equations (6) and (10) of Kjeldsen et al. (2008) .
Spectroscopic Constraints
The effective temperature of KIC 11081729 may be 6440 K (Wright et al. 2003) , 6570 (Ammons et al. 2006) . Combining the value of (Z/X) ⊙ = 0.023 of the Sun given by Grevesse & Sauval (1998) To find the models that can reproduce the observed characteristics of KIC 11081729, we calculated the value of χ 2 c of models. The function χ 2 c is defined as
where
presents the observed values of these parameters, while C theo i
represents the theoretical values. The observational error is given by σ(C obs i ). In the first step, the models with χ 2 c ≤ 1 are chosen as candidate models.
Asteroseismic Constraints
In order to find the models that can reproduce the oscillation characteristics of KIC 11081729, we computed the value of χ 2 ν for each model. The function χ 2 ν is defined as
where the quantity ν corresponds to the individual frequencies of modes from observation and modelling, σ(ν Table 2 lists the models that minimize χ 2 c + χ 2 νcorr for a given mass. The value of δ ov of the models is less than 0.4. The model Mb8 has the minimum χ 2 c + χ 2 νcorr , which seems to hint that Mb8 is the best model.
Using the posterior probability distribution function, the mass estimated from the sample of the models with χ 2 c < 1.0 and χ 2 νcorr < 10.0 is 1.26 ± 0.03 M ⊙ for KIC 11081729, where the error bar indicates the 68% level confidence interval. With the same constraints, Metcalfe et al. (2014) also obtained the same mass, i.e. 1.26 ± 0.03 M ⊙ . The radius is estimated to be 1.41 ± 0.01 R ⊙ that is also close to 1.382 ± 0.021 R ⊙ of Metcalfe et al. (2014) . However, the age of 1.9 ± 0.4 Gyr is larger than 0.86 ± 0.21 Gyr given by Metcalfe et al. (2014) . This is due to the fact that the effects of the settling of heavy elements and overshooting of convective core were considered that were not included in the models of Metcalfe et al. (2014) . This indicates that the estimated age of stars can be significantly affected by physical effects that are considered in models.
However, the calculations show that the models with δ ov ≤ 0.2 can not reproduce the distributions of the observed r 10 and r 01 of KIC 11081729 (see Figure 2 ). This shows that the internal structures of these models do not match that of KIC 11081729. The observed ratios change dramat- Fig. 2 . The distributions of the observed and theoretical ratios r10 and r01 as a function of frequency. The theoretical ratios are computed from the corrected oscillation frequencies νcorr of the models listed in Table 2 . Fig. 3 . The distributions of ratios r10 and r01 of the models listed in Table 3. ically at high frequencies, which may derive from the fact that the observed frequencies are affected by large-line widths at high frequencies in the same way as that of KIC 6106415 and KIC 12009504 (Silva Aguirre et al. 2013 ). Silva Aguirre et al. (2013) suggested that the ratios at high frequencies should be excluded from the set of constraints. Liu et al. (2014) argued that effects of overshooting of convective core can lead to the fact that ratios r 10 and r 01 exhibit an increase behavior. In order to test whether the characteristics of r 10 and r 01 of KIC 11081729 can be reproduced by the effects of overshooting, we computed the evolutions of models with δ ov as large as 1.8. The calculation shows that models with δ ov < 1.7 can not reproduce the distributions of the observed r 10 and r 01 . Table 3 lists the models that minimize χ Figure 3 shows that the observed ratios can be reproduced well by models with δ ov = 1.8 and mass in the range of 1.21 − 1.27 Model Mb19 not only has the minimum χ 2 c + χ 2 νcorr when δ ov is in the range of 1.7 − 1.8, it also reproduces the observed ratios. This shows that the structure of model Mb19 is similar to that of KIC 11081729, and KIC 11081729 may have a large overshoot of convective core. The mass, radius, and age of KIC 11081729 estimated from models with the large δ ov and with χ 2 c < 1.0 and χ 2 νcorr < 10.0 are 1.24 ± 0.03 M ⊙ , 1.40 ± 0.01 R ⊙ , and 3.6 ± 0.7 Gyr, respectively. The mass and radius are close to those estimated by Metcalfe et al. (2014) . But the age is larger than that determined by Metcalfe et al. (2014) , which is due to the fact that overshooting of convective core brings more H-rich material into the region of hydrogen burning. Table 4 . Table 5 . Table 4 lists the models that minimize χ 2 c + χ 2 νcorr for a given mass and δ ov . The calculations show that the models with δ ov < 1.7 can not reproduce the observed ratios. Thus we do not considere these models when we estimate the mass and age of KIC 11081729. When the value of δ ov increases to 1.8, the observed ratios can be reproduced by models (see Figure 4) . This indicates that the distributions of ratios r 10 and r 01 are mainly dependent on the effects of overshooting of convective core rather than on other effects.
The models with the effective temperature and [Fe/H] of Molenda-Zakowicz
The mass, radius, and age estimated from the models with δ ov in the range of 1.7 − 1.8 and with χ 2 c < 1.0 and χ 2 νcorr < 10.0 are 1.230 ±0.035 M ⊙ , 1.40 ±0.01 R ⊙ , and 4.6 ±0.9 Gyr, respectively. The age of these models are larger than that of models with the effective temperature and [Fe/H] of Bruntt et al. (2012) . Thus spectroscopic results can affect the estimation of age of stars. The values of χ 2 νcorr of these models are as large as those of the models with the effective temperature and [Fe/H] of Bruntt et al. (2012) . Thus these models are not better than the models with the effective temperature and [Fe/H] of Bruntt et al. (2012) .
The models with the effective temperature and [Fe/H] of Ammons
The effective temperature determined by Ammons et al. (2006) is between that estimated by MolendaZakowicz et al. (2013) and that determined by Bruntt et al. (2012) . Table 5 lists the models that minimize χ 2 c + χ 2 νcorr for a given mass and δ ov . The distributions of r 10 and r 01 of models with δ ov less than 1.7 are also not consistent with those of the observed ratios. When the value of δ ov is in the range of 1.7 − 1.8, the observed ratios are reproduced well by the models with the large δ ov (see Figure 5) . Figure 5 shows that the ratios of model Ma14 is almost consistent with the observed ones. Therefore, Ma14 is chosen as the best-fit model for δ ov = 1.8.
The mass, radius, and age estimated from the models with δ ov in the range of 1.7−1.8 and with χ 2 c < 1.0 and χ 2 νcorr < 10.0 are 1.270 ± 0.035 M ⊙ , 1.420 ± 0.015 R ⊙ , and 3.8 ± 0.7 Gyr, respectively. The median age of 3.8 Gyr is larger than the ages of models with M = 1.27 M ⊙ listed in Table 5 . This is related to the fact that the table only lists part of the sample. For example, models Ma11 and Ma11b have the same mass and χ 2 c , and almost the same χ 2 νcorr , r 10 and r 01 (see Figure 6 ), however, they have different age.
The calculations show that the estimated mass and age rely on spectroscopic results but the distributions of r 10 and r 01 are mainly dependent on the effects of overshooting of convective core.
The estimation of δ ov is not affected by the difference in the spectroscopic results. KIC 11081729 may have a large overshooting of the convective core.
Fitting equation for the observed and theoretical ratios
The distributions of r 10 and r 01 are dependent on δ ov , which may provide an opportunity to diagnose the size of convective core from observed frequencies.
By making use of the asymptotic formula of frequencies, one can get (Liu et al. 2014) r 10 (ν n,1 ) ≃ 2ν
In this equation, c is the adiabatic sound speed at radius r and R is the fiducial radius of the star; r t is the inner turning point of the mode with the frequency ν n,1 . Equation (6) indicates that ratio r 10 is dependent on the quantity A 0 ∆ν that is sensitive to the changes in the adiabatic sound speed c. Figure   7 shows that the changes can directly affect the quantity A 0 ∆ν. These hint to us that ratios r 10 and r 01 of stars with a convective core could be affected by the changes in the sound speed.
The p-mode oscillations of stars are considered to be acoustic standing waves. The variation with time t of a standing wave is proportional to cos(ωt), where the ω is angular frequency. The variation of the modes that penetrate into overshooting region can be affected by convection. For l = 1 modes, there should be a critical angular frequency ω 0 . When the angular frequency of modes is larger than ω 0 , the modes penetrate into overshooting region. We assume that the variation with time of the acoustic wave that is affected by convection is related to −A cos(ω 0 t), where A is a free parameter. Due to the fact that oscillation frequencies of stars can be observed, thus we want to know that the effects of convection core on the characteristics of oscillations vary with frequency rather than with time. This can be achieved by making use of Fourier transform. Thus one can obtain
where N is an integer. Taken N as 1 and ω n,1 = 2πν n,1 , equation (8) can be rewritten as
where B 0 is a constant. The effects of convection core on the characteristics of oscillations should be shown by function B(ν n,1 ).
The value of B(ν n,1 ) reaches maxima at around 3ν 0 /8 and 7ν 0 /4 , but reaches minima at around ν 0 and 9ν 0 /4. Thus the value of B(ν n,1 ) decreases with frequency between about 3ν 0 /8 and ν 0 , but increases with frequency between about ν 0 and 7ν 0 /4. The value of B(ν n,1 ) decreases firstly and then increases with frequency in the range of about 7ν 0 /4 − 11ν 0 /4. These characteristics are consistent with those of r 10 and r 01 calculated from models with a convective core. Thus the ratios r 10 and r 01 of stars with a convective core could be described by equation (9).
The observed ratios of KIC 11081729 decrease firstly and then increase with frequency and have a minimum between 1804 and 1846 µHz. Thus one can estimate the value of ν 0 is between about 800 and 820 µHz. Due to the fact that the value of sin(2πν n,1 /ν 0 ) is 0 at ν 0 /2 and 3ν 0 /2, hence B 0 is not a free parameter. For a given ν 0 , the value of B 0 takes the value of ratio r 10 or r 01 at ν 0 /2 Fig. 8 . The distributions of ratios r10 and r01 of models and quantity B as a function of frequency. The quantity B is computed by using equation (9) with A = 50π, B0 = 0.023, and ν0 = 820 µHz . or 3ν 0 /2. Thus we obtained the value of B 0 is between 0.019 and 0.026 from the ratios of Ma6. In addition, using equation (9) and the observed ν n,1 and r 10 , the values of parameters A, B 0 , and ν 0 are estimated to be 53 ± 21 π, 0.018 ± 0.003, and 795 ± 21 µHz,respectively. Figure 8 shows that the ratios of KIC 11081729 are reproduced well by equation (9) with A = 50π, B 0 = 0.023, and ν 0 = 820
µHz. The distributions of r 10 and r 01 of Ma6 and Ma14 are reproduced well by equation (9). The ratios r 10 and r 01 of models Ma6 and Ma14 reach the minimum at about 810 µHz that are consistent with 795 ± 21 µHz estimated by using equation (9). Tian et al. (2014) studied the oscillations of KIC 6225718, and determined that the mass of KIC 6225718 is 1.10 +0.04 −0.03 M ⊙ , but could not determine whether a convective core exists in KIC 6225718. From observed frequencies, one can obtain A = 745 ±527 π, B 0 = 0.021 ±0.008, and ν 0 = 5700 ±423 µHz for KIC 6225718. The panel (a) of Figure 9 shows that the observed ratios of KIC 6225718 are reproduced well by equation (9) with A = 745 π, B 0 = 0.021, and ν 0 = 5700 µHz. Using equation (16) of Liu et al. (2014) with f 0 = 2, the value of ν 0 for the best model 14 of KIC 6225718 (Tian et al. 2014 ) is estimated to be 5890 µHz. According to equation (9), ratios r 10 and r 01 reach the minimum at around ν 0 . The ratios r 10 and r 01 calculated from the model 14 reach the minimum at 5642 µHz.
Test the equation by other stars
The two values are consistent with 5700 ± 423 µHz. The ratios of KIC 6225718 mainly exhibit a decreasing behavior. But the observed ratios have a maximum at about 1926 µHz, which is consistent with that B(ν) has a maximum at around 3ν 0 /8. The model 14 has a small convective core and δ ov = 0.2 (Tian et al. 2014) . These indicate that a small convective core may exist in KIC 6225718. The value of ν max of KIC 6225718 is 2031 µHz that is much less than the value of ν 0 (5700 ± 423 µHz).
The values of A, B 0 , and ν 0 computed from the observed frequencies of HD 49933 (Benomar of Figure 9 shows that the ratios of model M52 are consistent with those computed by equation (9) with A = 31 π, B 0 = 0.028, and ν 0 = 1966 µHz. The model M52 has a large convective core and δ ov = 0.7 (Liu et al. 2014) . The value of ν max of HD 49933 is 1760 µHz (Appourchaux et al. 2008 (Yang et al. 2015) reach the minimum at about 850 µHz. The model has a large convective core and δ ov = 1.4 (Yang et al. 2015) . The value of ν max of KIC 2837475 is 1522 µHz that is much larger than 913 ± 36 µHz of (9) aids in understanding the size of the core from the observed ratios. If the value of ν max of a star is less than the value of ν 0 estimated by using equation (9), the star may have a relatively small convective core. However, if the value of ν max is larger than that of ν 0 , the star may have a large convective core.
The value of 1.7 − 1.8 of the δ ov is much larger than the value adopted usually. However, Xiong (1985) shows that the overshooting of convective core could mix material in the distance of 1.4H p . Moreover, the value is consistent with the numerical result for the downward overshooting of giants (Tian et al. 2009) . A large δ ov means that an efficient mixing takes place in stellar interior.
Rotation can lead to an increase in convective core, which depends on the efficiency of rotational mixing and rotation rate (Maeder 1987; Yang et al. 2013a; Yang et al. 2013b ). The effects of rotation explain the extended MS turnoffs of intermediate-age star clusters in the Large Magellanic Cloud, where rotational mixing plays an important role (Yang et al. 2013b ). The effects of rotational mixing and convection overshoot can reconcile the low-Z solar models with helioseismology (Yang 2016) .
Efficient mixing and convection overshoot also may exist in the Sun (Yang 2016) . The effect of overshooting can mimic the effects of rotational mixing to a certain degree. The surface rotation period of KIC 11081729 is about 2.78 days (McQuillan et al. 2014) , which is obviously lower than the approximately 27 days of the Sun. The large δ ov might be related to rotation.
Summary
The observed ratios r 10 and r 01 of KIC 11081729 decrease firstly and then increase with frequency.
There are different spectroscopic results for KIC 11081729, which can affect the determinations of mass and age of KIC 11081729 but can not affect the estimation of δ ov . This is due to the fact that the distributions of r 10 and r 01 are mainly dependent on the interior structure. The structure can be directly changed by overshooting of convective core. Thus the distributions of r 10 and r 01 are sensitive to δ ov . For the different spectroscopic constraints, the models with δ ov less than 1.7 can not reproduce the observed ratios. However, the distributions of the observed ratios can be reproduced well by models with δ ov in the range of about 1.7 − 1.8. A large overshooting of convective core may exist in KIC 11081729. The behavior of the ratios of KIC 11081729 may derive from the effects of the large overshooting of convective core.
The ratios r 10 and r 01 calculated from models with a convective core reach a minimum at about ν 0 , arrive at a maximum at around 7ν 0 /4, and then reach a minimum at about 9ν 0 /4. These characteristics can be completely reproduced by equation (9). The distributions of observed and theoretical ratios of stars with a convective core can be reproduced well by the equation. The value of ν 0 decreases with the increase in the radius of convective core and can be estimated by formula (9) from observed frequencies. Thus the equation aids in determining the presence and the size of convective core including overshooting region from observed frequencies. If the value of ν max of a star is less than the value of ν 0 determined from observed frequencies using equation (9), the star may have a small convective core and a small δ ov . However, if the value of ν max is larger than that of ν 0 , the star may have a large overshooting of convective core.
